. The prevalence and the mechanisms of this compartmentalization are unknown. Plasma and PBMC HCV variants were compared by single-strand conformation polymorphism (SSCP) and by cloning or by genotyping with a line probe assay (LiPA) in 116 chronically infected patients, including 44 liver transplant recipients. SSCP patterns differed between compartments in 43/109 analyzable patients (39%). Differences were significantly more frequent in patients with transplants (21/38 [55%] versus 22/71 [31%]; P < 0.01) and in those who acquired HCV through multiple transfusions before 1991 (15/20; 75%) or through drug injection (16/31; 52%) than in those infected through an unknown route (7/29; 24%) or through a single transfusion (5/29; 17%; P < 0.001). Cloning of the 5 UTR, LiPA analysis, and nonstructural region 5B sequencing revealed different genotypes in the two compartments from 10 patients (9%). In nine patients, the genotype detected in PBMC was not detected in plasma and was weak or undetectable in the liver in three cases. This genotypic compartmentalization persisted for years in three patients and after liver transplantation in two. The present study shows that a significant proportion of HCV-infected subjects harbor in their PBMC highly divergent variants which were likely acquired through superinfections.
Hepatitis C virus (HCV) frequently leads to chronic infection contributing to liver cirrhosis and hepatocellular carcinoma. HCV is an enveloped, positive-stranded RNA virus that circulates in vivo as a population of closely related variants collectively referred to as a quasispecies. This quasispecies nature may be involved in viral persistence at the early stages of infection (12) , allowing the emergence of immune escape mutants (11, 13) . The infection of immune cells could be another viral mechanism of evasion contributing to host failure in eradicating the virus (32) . The issue of extrahepatic replication of HCV is still debated. Detection of HCV RNA in extrahepatic compartments can be due to the adsorption of plasma variants (17, 31) . However, the minus-stranded HCV RNA, the replicative intermediate, which is not detected in plasma, has been detected in peripheral blood mononuclear cells (PBMC) in many studies (4, 8, 10, 15, 18, 21, 22, 23, 25, 28, 37) , but this is not sufficient to demonstrate that a complete and productive replication of HCV really occurs in these cells.
Another point supporting autonomous HCV replication in PBMC is the common finding in these cells of HCV variants differing from those circulating in serum (26, 31) . The study of different blood cell subsets also revealed that quasispecies compositions can differ significantly between peripheral B and T lymphocytes, monocytes, and plasma (1) . We have recently shown that this compartmentalization is a frequent phenomenon (10) .
Compartmentalization of HCV variants has been mainly described for the hypervariable region of E2 envelope protein (HVR1). Unlike HVR, the 5Ј untranslated region (UTR) is highly conserved. The 5Ј UTR is the internal ribosomal entry site (IRES) essential for viral protein synthesis and virus replication. A small number of mutations are capable of affecting translation efficiency in vitro. The effects of these mutations depend on the cell type tested (16, 18) , suggesting that the HCV IRES may adapt to different cell types. In addition, previous work has shown that variations in this region occurred in PBMC in vivo and may be associated with extrahepatic replication evidenced by the detection of the negative-stranded RNA (2, 17, 19) . Assuming that HCV compartmentalization reflects differential cellular tropism, the 5Ј UTR appears to be the region of choice to investigate clinical and viral factors associated with this phenomenon because the small number of expected viral variants within quasispecies allows reliable intercompartment comparisons. HCV compartmentalization has not been studied over time. Its eventual persistence would support HCV lymphotropism. Furthermore, the conditions associated with the detection of compartmentalized variants have not been investigated in large cohorts of patients. The purpose of the present study was thus to determine the frequency and persistence of 5Ј-UTR variant compartmentalization and its possible relationships with epidemiological, clinical, and virological variables in a large series of chronically infected patients.
MATERIALS AND METHODS

Patients.
One hundred sixteen patients managed at our institution were included in this study, which was approved by the local ethics committee. Inclusion criteria were the following: anti-HCV and plasma HCV RNA positivity, HBsAg and anti-human immunodeficiency virus (HIV) negativity, no previous treatment with interferon or ribavirin, no anticancer chemotherapy, and current alcohol intake Ͻ10 g/day. Forty-four patients (39%) had received transplants once for HCV-related cirrhosis a mean of 60 months (3 to 10 years) before inclusion in this study. They had no history of surgical complications or steroid-resistant episodes of rejection on standard initial immunosuppression (tacrolimus and steroids), and HCV infection had recurred on the graft in all. The duration of liver infection by HCV was estimated from the year of the transplantation, the first transfusion, or the first intravenous narcotic injection. The likely route of infection (intravenous narcotic use, transfusion, or unknown) was recorded. Among patients with transfusion contamination, those who received blood transfusions at least twice before 1991 were considered multitransfused. The degrees of hepatic fibrosis and of inflammatory activity were graded according to METAVIR scoring (3). The main characteristics of the patients are described in Table 1 .
Sampling and HCV RNA amplification. Both plasma and PBMC were collected on the day of liver biopsy. In some cases, PBMC were positively sorted with antibodies against CD19 (B lymphocytes), CD14 (monocytes), CD4, and CD8, as described elsewhere (1) . RNA was extracted from 140 l of plasma by using the QIAmp Viral RNA kit (QIAGEN GmBH, Germany) and from PBMC or liver by using the RNeasy minikit (QIAGEN). To detect the HCV genome, one-fifth of the plasma or cellular RNA extract was subjected to reverse transcription (RT)-PCR with Ready-To-Go RT-PCR beads (Pharmacia Biotech, Uppsala, Sweden). Three microliters of the first PCR product was subjected to a second round of PCR using Ready-To-Go PCR beads, according to the manufacturer's instructions. A 250-base pair fragment (nucleotides 100 to 350) of the 5Ј UTR was amplified with a nested RT-PCR protocol with previously published primers (1) . A 1,500-base pair fragment (nucleotides 100 to 1629) spanning the 5Ј UTR, core, E1, and HVR1 was amplified with primers published elsewhere (10) .
HCV RNA was quantified in plasma and PBMC by using real-time PCR (Perkin-Elmer Corp.-Applied Biosystems, Foster City, CA). The primers, Taqman probes, and protocols used for HCV PCR have been described elsewhere (10, 40) . Serial 10-fold dilutions of titered HCV RNA-containing plasma were run in each experiment and used to construct a standard curve.
Analysis of HCV quasispecies by cloning and sequencing. PCR products were cloned with the pGEM-T Easy Vector system (Promega Corporation, Madison, WI) and transformed in Escherichia coli JM109 competent cells (Promega). After overnight incubation at 37°C, insertion was checked on white colonies by PCR using the 5Ј-UTR inner primer pair. Sequences were read bidirectionally with inner primers on an ABI377 sequencer using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit with Amplitaq DNA polymerase (Perkin-Elmer Applied Biosystems Division, Foster City, CA). Ten to 20 clones from plasma and PBMC were sequenced for each patient.
Nucleotide sequences of cloned products were aligned by using the CLUSTAL W program version 1.5. Pairwise nucleotide distances were calculated by using the Kimura two-parameter method with a transition-to-transversion ratio of 2. Phylogenetic trees were constructed with the neighbor-joining algorithm, a cluster analysis method suited to sequences with high similarity scores, such as HCV quasispecies. Statistical evaluation of the obtained topology was performed with 1,000 replications of bootstrap sampling. Mantel's test was used to determine if sequences from a given compartment were genetically closer to each other than to sequences from other compartments (1) . This test compares the Kimura two-parameter distance matrix with a compartment distribution matrix (Mc) of the same dimensions, where Mc(i, j) is equal to 0 if sequences i and j are from the same compartment, and Mc(i, j) is equal to 1 in other cases. The Pearson correlation coeficient r 2 was computed for all pairs, excluding the diagonals of both matrices (observed r 2 ). The null distribution was constructed by permuting the rows and columns of the Mc matrix 1,000 times. The number of times that the observed r 2 was exceeded during the 1,000 permutations gave the P value of the observed correlation. Software written by Philippe Casgrain was used for this purpose (http://www.bio.montreal.ca/casgrain/fr/labo/R/index.html).
Analysis of HCV quasispecies by single-strand conformation polymorphism. HCV quasispecies of the 5Ј UTR were compared by the single-strand conformation polymorphism (SSCP) assay. This widely used mutation-scanning technique is based on the relation between the electrophoretic mobility of singlestranded DNA and its nucleotide sequence (33) . Five microliters (one-fifth) of the amplicons was mixed with 10 l of denaturing solution (950 ml/liter formamide and 400 mg/liter bromophenol blue), heated for 10 min at 95°C, and chilled on ice. Electrophoretic analysis was carried out with 7 l of this mixture, using precast polyacrylamide gels (GeneGel Excel 12.5/24; Amersham-Pharmacia Biotech) on a thermostated device (Multiphor II system; Amersham-Pharmacia) at 5°C, 600 V, 25 mA, and 15 W. The gels were silver stained according to the manufacturer's instructions. A similar assay based on 5Ј-UTR polymorphism has been shown to enable the detection of minor variants representing Ն3% of the whole population (19) . The performance of our 5Ј-UTR SSCP assay was assessed on 160 cloned and sequenced variants derived from the 250-bp 5Ј-UTR amplicons. We found that one, two, and three mutations yielded different SSCP patterns in 10%, 44%, and 69% of cases, respectively. SSCP patterns were always different when four or more mutations were present and were never different when the sequences were identical. In all cases, at least two independent PCR-SSCP assays were conducted. Plasma and PBMC SSCP patterns were considered distinct if they differed by at least one band in the two experiments. SSCP-defined compartmentalization was assessed blinded to clinical status.
5-UTR genotyping. RNA was isolated from plasma and PBMC as described above. 5Ј-UTR genotyping was performed with the INNO-LiPA HCV II kit (Innogenetics, Ghent, Belgium) according to the manufacturer's instructions. Briefly, the 5Ј UTR is amplified with biotinylated primers. Biotin-labeled PCR products are reverse hybridized to specific probes attached to nitrocellulose strips. Development results in a purple precipitate that forms a positive line on the strip. The HCV type is deduced on the basis of the patterns of hybridizing bands by using the line probe assay (LiPA) interpretation chart (39) .
Genotyping in NS5B. Amplification of the nonstructural region 5B (NS5B) and direct sequencing were performed as previously described (29) in some cases in order to confirm the 5Ј-UTR genotyping. NS5B sequences were genotyped by using referenced and annotated HCV sequences (http://hepatitis .ibcp.fr/).
Statistical analysis. We sought correlations between SSCP-defined compartmentalization and the following variables: liver transplantation, route of infection (single transfusion, multiple transfusion, intravenous drug use, or unknown), age, gender, genotype (genotype 1 versus others), quantitation of HCV RNA in plasma and lymphocytes, existence of hepatocellular carcinoma, and histological scores. Univariate analysis (chi-square test, t test, and correlation) and logistic regression were run on Statview software (Abacus Concepts, Berkeley, CA). Tables  2 and 3 ). In 38/43 (88%) cases, at least one specific band was observed in PBMC and not in plasma; in the 5 other cases, all SSCP bands observed for PBMC were observed for plasma, but at least one additional and clear band was observed in plasma. The existence of an SSCP-defined compartmentalization was not related to HCV viremia or HCV RNA levels in PBMC. In univariate analysis, SSCP-defined compartmentalization was significantly more frequent in transplant patients than in nontransplant patients (21/38 [55%] versus 22/71 [31%]; P Ͻ 0.01). It was significantly related to the transmission mode (exact Fisher's test; P Ͻ 0.001), being more frequent in patients who had received multiple transfusions (15/20; 75%) or in those who had been infected through intravenous drug use (16/31; 52%) than in patients contaminated by an unknown route (7/29; 24%) or by a single transfusion (5/29; 17%) ( Table 2 ). All these variables-transplantation, multiple transfusions, and intravenous drug use-appear significantly and independently correlated to the existence of compartmentalized 5Ј-UTR variants in multivariate analysis (Table 3) .
RESULTS
Detection of HCV
Phylogenetic analysis of plasma and PBMC HCV variants infecting patient 3. HCV RNA was amplified between nucleotides 100 and 1600 in plasma and PBMC and then cloned. The phylogenetic trees drawn from 5Ј-UTR sequences (nucleotides 100 to 350) (A) and the E1-E2 region (nucleotides 1370 to 1600) (B) evidenced the same clustering of some PBMC HCV variants that could be assigned to subtype 1a while other variants were assigned to subtype 1b. Phylogenetic and LiPA analyses. Among the 43 patients for whom plasma and PBMC SSCP patterns were different, RNA was available in 28 cases for further analysis (Table 4 ). Ten of these 28 patients were analyzed through cloning and sequencing. These samples were quantified by real-time RT-PCR, and HCV RNA levels were at least 10,000 copies/ml in plasma and 2,000 copies/g in PBMC. A quasispecies composition was always observed in plasma and PBMC. In 5 of these 10 patients (no. 1, 2, 3, 18, and 19), phylogenetic analysis showed that plasma and PBMC variants were separated by large genetic distances, exceeding 0.1 substitution/nucleotide in 4 of them. Phylogenetic analysis, including 5Ј-UTR reference sequences of different genotypes and subtypes, confirmed the presence of two genotypes or subtypes in these five patients. For patient 3, a mixed infection by subtypes 1a and 1b was further confirmed by cloning and sequencing of a larger fragment comprising one part of the IRES, the entire core and E1 regions, and the HVR (Fig. 2) . In four out of these five mixed infections, one of the genotypes or subtypes found in PBMC was not detected in the plasma (up to 21 plasma clones were studied). These results were confirmed by repeated cloning of the remaining extracted RNAs. In these 5 patients infected by two different genotypes and in 1/5 others, Mantel's test was highly significant, supporting the nonrandom distributions of plasma and PBMC variants in these six cases. In addition, a 1,500-bp fragment encompassing the 5Ј UTR to the HVR was amplified in plasma and PBMC in three patients with similar 5Ј-UTR SSCP patterns in plasma and PBMC. In these three subjects, Ͻ4 mutations were observed between compartments in the 5Ј UTR (nucleotides 100 to 350), while the nonrandom distribution of plasma and PBMC HVR variants was evidenced through Mantel's test (Fig. 2) .
In order to detect additional cases of genotypic compartmentalization, we performed 5Ј-UTR genotyping with the line probe assay in plasma and PBMC samples of all 28 SSCPcompartmentalized cases with available RNA. LiPA results were consistent with the cloning results in all 10 cases. SSCP, phylogenetic trees, and LiPA for four patients with genotypic compartmentalization are shown in Fig. 3 . Four additional patients (no. 4, 16, 17, and 20) were found through line probe assay to have a genotype in PBMC not detectable in plasma. In two cases (no. 16 and 17), NS5B direct sequencing of plasma and PBMC HCV RNAs confirmed the results of 5Ј-UTR genotyping. Finally, in patient 15, 5Ј-UTR genotyping failed in PBMC but could be done through NS5B direct sequencing, showing HCV genotype 1b in PBMC and confirming genotype 3a in plasma.
Altogether, SSCP followed by cloning and LiPA showed that 10 patients had different genotypes in plasma and PBMC (genotypic compartmentalization) and that 9 of these patients had To assess the possible sampling bias associated with starting low viral loads in the RT-PCR assay, we performed the following control. Two plasmas, one containing genotype 1 and one genotype 3, were quantified by our quantitative RT-PCR assay. Viral loads in both samples were adjusted by dilution. Serial dilutions of a 1/1 mixture of these samples were tested by 5Ј-UTR RT-PCR, SSCP, and cloning experiments. The SSCP experiment shows that the pattern was not altered from 2 ϫ 10 5 to 2 ϫ 10 3 copies/ml (Fig. 4) , the latter sample corresponding to 10 3 copies/assay of each genotype. Cloning experiments on samples containing 2 ϫ 10 5 and 2 ϫ 10 3 copies/ml evidenced the same repartition of type 1 and 3 genotypes. This control showed that both genotypes could be detected with small amounts of starting material.
Longitudinal follow-up of genotypic compartmentalization. Longitudinal analysis (Fig. 5 ) of PBMC and plasma HCV RNA was possible for four of the seven patients with genotypic compartmentalization. In the two patients studied after liver transplantation (no. 19 and 20) , plasma and PBMC harvested before transplantation (1 and 6 years before the index sample) showed the same genotypic compartmentalization. This demonstrates that the plasma genotype, but not the PBMC genotype, had infected the liver graft and that the compartmentalization had been stable for years. In the two nontransplant patients, samples were available 1 to 4 years after the index sample. One of the two plasma genotypes (genotype 3) disappeared from a patient (no. 2) who had received interferon during the interval, while genotype 1 remained detectable in both plasma and PBMC. In the last patient (no. 4), who was not treated, the same genotypic compartmentalization was found in the two samples.
Origin of compartmentalized genotypes. In order to identify the cell type harboring a specific genotype, we conducted a detailed analysis of CD19 ϩ , CD14 ϩ , CD4 ϩ , and CD8 ϩ peripheral blood cell subsets in two immunocompetent patients with occult mixed infections (Fig. 6) . Patient 3 had subtype 1a in serum and subtypes 1a and 1b in PBMC, but only B cells harbored the compartmentalized 1b subtype while monocytes and CD8 T cells harbored the circulating subtype 1a; this was evidenced by cloning and sequencing (Fig. 2) . As evidenced by LiPA analysis, patient 4 had genotype 4 in plasma and genotypes 4 and 1 in PBMC. SSCP analysis showed that the compartmentalized type 1 was present in both B and CD8 T cells, while monocytes harbored the circulating genotype 4.
Frozen liver specimens were available for six patients. In three cases of genotypic compartmentalization (no. 4, 19, and 20) , liver HCV genotypes were analyzed by line probe assay. The plasma genotype was found in the liver in all three cases, and a faint signal corresponding to the PBMC-specific genotype was detected in two cases (no. 4 and 20) . The PBMC genotype was absent from the liver of patient 19. For this patient, liver RNA was also available from 6 years before the index case, and the same genotypic compartmentalization was observed. In patient 20, a liver-transplant patient contaminated through drug use, an additional genotype, absent from plasma and PBMC, was found in the liver.
DISCUSSION
The present study shows that a significant proportion of HCV-infected subjects harbor in their PBMC highly divergent variants which are not detectable in plasma and which are likely acquired through coinfections or superinfections. In 9 out of 109 analyzable patients, viral sequences detected in PBMC differed enough to be assigned to a genotype different from the predominant strain in plasma. This genotypic compartmentalization was confirmed by analysis of different regions and has persisted for years in three patients, including after liver transplantation in two.
The identification of this population with occult mixed infections is an additional argument supporting the still-debated issue of the infection of PBMC by HCV. Indeed, the main argument for such replication in PBMC is based on the detection of negative-stranded HCV RNAs. The detection of such replicative intermediates does not mean that the replication is complete (e.g., leading to infectious virions). Conversely, the assays for the detection of such intermediates are far from being standardized, and the absence of detection does not formally exclude HCV replication. In the present study, two lines of evidence support the replication of HCV in this compartment: the existence of significant differences between HCV variants found in plasma and PBMC and the persistence of these differences over time.
Given the large phylogenetic distances between different HCV genotypes (35), we can exclude the possibility that a genotype found only in PBMC was derived from the genotype found in plasma. This genotypic compartmentalization has been described in brain and blood monocytes sampled postmortem (37) . The persistence of such compartmentalization over years, as shown here, rules out any possible bias due to PCR cross-contamination (9). More importantly, as PBMC have a limited life span, the most plausible explanation for the persistence of compartmentalized quasispecies is replication and propagation of HCV RNA within these cells. However, it remains possible that PBMC-specific strains with an extremely high affinity for PBMC could be produced by hepatocytes. In this view, the small amounts of compartmentalized genotypes which were detected in the livers of two patients could be due either to monocytes and lymphocytes infiltrating the liver or to replication by hepatocytes (6) . By using different assays, we have shown that the existence of compartmentalized 5Ј-UTR variants is a frequent phenomenon, detected in 31% of immunocompetent subjects and in 55% of liver transplant patients. The existence of compartmentalized 5Ј-UTR variants correlated independently with the contamination mode, either multiple transfusions or intravenous drug use, two conditions for which coinfections or superinfections are possible. It is obvious that the detection of distinct genotypes, but also of distinct strains belonging to the same genotype, was facilitated by the studied region: the very conserved 5Ј UTR. Coinfection by different genotypes or strains occurs logically when the patients are repeatedly contaminated from different subjects (by sharing of contaminated objects or multiple transfusions). In those subjects exposed to multiple strains, one strain usually becomes predominant in plasma (21, 41) . The observed concomitant infection of the same host by two different genotypes, each replicating in a different compartment, strongly suggests that during coinfection with different strains, the outcome of this strain competition may depend on differences in cellular tropism. It is possible that adaptation of some HCV variants to PBMC allows them to avoid competitive exclusion by the dominant strain, at least in this compartment. However, coinfection is not the mechanism of HCV compartmentalization. Indeed, when established in a far more variable region, such as the HVR, HCV compartmentalization appeared as a constant phenomenon in patients contaminated by a single transfusion, as in others (10) .
The frequency of compartmentalized 5Ј-UTR variants also correlated with liver transplantation. The hypothesis that the replication of HCV in PBMC may be favored by immunosuppression is supported by the common presence of HCV replication (negative-stranded RNA) in PBMC of HIV-infected subjects (17) or liver transplant recipients (36) . Moreover HCV replication was demonstrated in human PBMC inoculated into SCID mice (5) . The frequent compartmentalization of PBMC strains observed in liver transplant patients could be due, in this setting, to the difference between the durations of infection of liver and PBMC by HCV. Finally, we could not exclude an increased risk of nosocomial transmissions in this grafted population.
An important question is how the different HCV strains got into PBMC and persisted. In the present study, the peripheral blood cell subsets involved in genotypic compartmentalization were studied in two patients. Both had a specific genotype in B or T CD8 ϩ lymphocytes. Although some of these cells could have a prolonged life span, the genotypes they harbored would have disappeared in the absence of autonomous HCV replication. This was not the case in any of the patients in whom genotypic compartmentalization could be monitored long term (up to 6 years). The line probe assay is capable of detecting very minor populations, but PBMC-specific genotypes were not detected in the serum of any of the patients harboring a specific genotype in PBMC. Since cell-specific virions were not detected in the circulation and the life span of the cells involved is limited, the question arises as to how naive PBMC become infected. One hypothesis is that compartmentalized variants are produced in plasma at an undetectable level by PBMC or hepatocytes and have a very strong affinity for PBMC. A second hypothesis is that cell-to-cell transmission occurs among PBMC without the need for cell-free virions. This is a classical viral strategy used to escape immunity (14) ; it is well documented in the case of HIV but remains to be shown for HCV. Whatever the respective roles of these mechanisms, the persistence of compartmentalized variants despite the limited PBMC life span strongly points to autonomous HCV replication and propagation within this compartment. This replication within PBMC could be associated with specific mutations reflecting an adaptation to PBMC. In this view, the previously described set of "adaptive" IRES mutations (24, 38) was detected in one patient whose PBMC were coinfected by subtypes 1a and 1b. Superinfection by different types could favor the opportunity for such a strain to overcome the previous strains, at least in PBMC. Further studies are required to analyze the translational efficiencies of compartmentalized IRES in hepatocyte or lymphocyte cell lines in the hypothesis of an IRES-driven cellular tropism of HCV, which has been suggested for strain H77 (24) . However, plasma and PBMC 5Ј-UTR variants were apparently identical in 60% of the patients (while plasma and PBMC HVR variants were different in all studied subjects), suggesting that other viral regions than the IRES are involved in the cellular tropism of HCV.
Very few clinical studies have investigated the potential consequences of PBMC infection by HCV. This infection does not seem to play a key role as a viral reservoir (7, 20, 30) but could have important implications in the pathogenesis of HCV infection. The relation between HCV and B lymphoma is well established (42) , and lymphotropic variants of HCV might be directly involved in lymphomagenesis. Recently, one study has pointed to the persistence of HCV RNA in PBMC of longterm responders who had no detectable plasma HCV RNA for years (34) . The unexpectedly high frequency of mixed infections and the persistent replication/propagation of HCV within PBMC shown here appear particularly frequent in intravenous drug users, who are often exposed to repeated infections and to different HCV strains (27) and who are becoming the major population with acute and chronic hepatitis C. With this changing epidemiology, it may be important to investigate further in a larger group of naive and treated patients the clinical and therapeutic implications of this particular and relatively frequent type of HCV coinfection.
